Abstract Monoaminergic neurotransmitter (serotonin, norepinephrine and dopamine) mechanisms of disease dominated the research landscape in the pathophysiology and treatment of major depressive disorder (MDD) for more than 50 years and still dominate available treatment options. However, the sum of all brain neurons that use monoamines as their primary neurotransmitter is\20 %. In addition, most patients treated with monoaminergic antidepressants are left with significant residual symptoms and psychosocial disability not to mention side effects, e.g., sexual dysfunction. In the past several decades, there has been greater focus on the major excitatory neurotransmitter in the human brain, glutamate, in the pathophysiology and treatment of MDD. Although several preclinical and human magnetic resonance spectroscopy studies had already implicated glutamatergic abnormalities in the human brain, it was rocketed by the discovery that the Nmethyl-D-aspartate receptor antagonist ketamine has rapid and potent antidepressant effects in even the most treatment-resistant MDD patients, including those who failed to respond to electroconvulsive therapy and who have active suicidal ideation. In this review, we will first provide a brief introduction to glutamate and its receptors in the mammalian brain. We will then review the clinical evidence for glutamatergic dysfunction in MDD, the discovery and progress-to-date with ketamine as a rapidly acting antidepressant, and other glutamate receptor modulators (including proprietary medications) for treatment-resistant depression. We will finally conclude by offering potential future directions necessary to realize the enormous therapeutic promise of glutamatergic antidepressants.
Introduction
The monoaminergic hypothesis for depressive disorders arose in the wake of the serendipitous discovery that tricyclic antidepressants and monoamine oxidase inhibitors had beneficial effects on mood, anxiety and neurovegetative symptoms via monoamine neurotransmitter (dopamine, serotonin and norepinephrine) reuptake, degradation and receptor dynamics. However, several recent large clinical studies have uncovered the limitations of our current armamentarium of psychotropic medications for major depression [STAR*D (Gaynes et al. 2009; Rush et al. 2006) , STEP-BD (Perlis et al. 2006; Sachs et al. 2003) , and CO-MED (Rush et al. 2011; Sung et al. 2012) ].
Beyond monoamines, the glutamate system contributes to the pathophysiology of major mood disorders including major depressive disorder (MDD). Glutamate-based research from our group and others has provided novel insights into the pathogenesis of MDD, facilitated the development in new diagnostic tools and, most importantly, offered effective alternative treatment options for even the most refractory patients , including those with electroconvulsive therapy (ECT) resistant symptoms ) and active suicidal thoughts Price et al. 2009 ).
Additionally, our improved understanding of glutamate's role in the pathogenesis and pathophysiology of MDD may allow for an increasingly rational approach to drug development for these common, disabling illnesses. The following review will briefly outline the (extremely complex) physiology and pharmacology of glutamate and its receptors in normal brain and in MDD and progress-to-date in glutamate receptor modulators in the treatment of MDD. In this process, we will highlight specific areas of interest to clinical neuroscience and drug discovery.
Basic neuroscience of glutamate and its receptors
Glutamate is the major excitatory neurotransmitter in the mammalian central nervous system. Glutamate is metabolized from glucose-derived tricarboxylic acid (TCA) cycle intermediates and branched chain amino acids. Glutamate is then packaged into synaptic vesicles via vesicular glutamate transporters (vGLuTs) (Takamori 2006) to be released into the synaptic cleft on neuronal depolarization. Glutamate release critically involves calcium influx (Sudhof 2012) and soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) and adapter proteins (Rizo and Sudhof 2012) to bridge the synaptic vesicle to the presynaptic membrane for exocytosis. Stress and glucocorticoids have been demonstrated to alter the expression and/or activity of these vesicular proteins in glutamate neurotransmission (Popoli et al. 2012) , which can be affected by traditional antidepressants (Musazzi et al. 2013 ) and has more recently been studied with ketamine (Muller et al. 2013 ), which will be described in more detail (see below).
Astrocytic end-feet abutting synaptic endings are critical for the reuptake of glutamate and its conversion to glutamine, which will be discussed in greater detail below. In addition to its role as a neurotransmitter, glutamate also serves as a metabolic precursor to the major inhibitory neurotransmitter in the brain, c-aminobutyric acid (GABA) and as a component of various amino acid-based derivatives, e.g., the antioxidant glutathione. Consistent with glutamate's key role in multiple aspects of brain physiology, metabolic studies have determined that almost all the glucose that enters the brain is ultimately converted to glutamate (Shen et al. 1999) .
After traversing the synaptic cleft, glutamate binds to cognate receptors on the postsynaptic membrane. These have historically been divided into two classes based on their mechanism of activation: ionotropic and metabotropic (Niciu et al. 2012) . Glutamate receptor subclasses can also be categorized based on their synaptic localization, i.e., intra-vs. extrasynaptic, which has significant implications for activity (Hardingham and Bading 2010) . Ionotropic receptors flux the small cations Na ? and Ca 2? from the extracellular space into the cytosol. There are three major classes of ionotropic receptors: N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and kainate (KA) receptors. AMPA/ kainate receptor activation mediates the fast (due to Na ? influx) component (Palmer et al. 2005) while NMDA receptor activation produces a more delayed and prolonged excitation (via Ca 2? influx). NMDA receptors have the highest affinity for glutamate (EC 50 1 lM). Three families of NMDA receptor subunits have been identified: (1) NR1, (2) NR2A-D and (3) NR3A-B (Fig. 1 ) that form tetrameric complexes. AMPA receptor subunits are GluR1-4, and all AMPA receptors are also tetrameric heteromers with critical RNA editing of the GluR2 subunit that controls calcium permeability. AMPA receptors are also associated with several classes of transmembrane auxiliary proteins-transmembrane AMPA receptor-associated regulatory proteins (TARPs), cornichon proteins (CNIH-2, -3) and synapse differentially induced gene-1 (SynDIG-1)-that regulate subunit folding, surface assembly/clustering, and pharmacological sensitivity (Cokic and Stein 2008; Diaz 2010; Rogawski 2011) . Kainate receptor subunits are GluR5-7 and KA1-2 (Fig. 1 ). There are also several classes of metabotropic glutamate receptors, whose natural ligands are also glutamate and its analogs. Metabotropic glutamate receptors have historically been classified into three categories: type I-mGluR1 and 5, type II-mGluR2 and 3, and type III-mGluR4, 6, 7 and 8 (Fig. 1) . As expected, extracellular ligand binding couples to G-protein related second messenger systems, leading to molecular and cellular pathway activation or inhibition.
In addition to the endogenous ligand glutamate, NMDA receptors are tightly regulated by co-agonists. At least six binding sites have been identified that regulate the probability of ion channel opening, e.g., sites for two obligatory co-ligands glutamate and either glycine or D-serine (D-serine [ glycine affinity at the NMDA receptor ''glycine'' site), polyamines and cations (Mg 2? , Zn 2? and H ? ). NMDA receptor ligands are short-chain dicarboxylic amino acids. Glutamate and several competitive antagonists, i.e., D-2-amino-5-phosphonopentanoic acid (D-AP5) and 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (2R-CPPene) bind to the NR2 subunit of the tetrameric receptor complex. In contrast, glycine binds to a site on the NR1 subunit (Dingledine et al. 1999; Kleckner and Dingledine 1988) . Extracellular Mg 2? acts as an open-channel, voltage-dependent ''pore blocker'' (Nowak et al. 1984) (interestingly, Zn 2? , also a divalent cation, does not block the pore of the NMDA receptor).
Glutamate and its receptors in the pathophysiology and treatment of major depressive disorder (MDD)
Neuroimaging: MRS and PET Alterations in the glutamate system have been identified in MDD by protein biochemistry (immunoblotting and immunohistochemistry) and neuroimaging [positron emission tomography (PET) and magnetic resonance spectroscopy (MRS)]. As two examples of altered glutamate receptor expression, first, there is decreased mGluR5 expression in MDD brain based on PET (with the mGluR5-selective radioligand [ 11 C]ABP688) and immunoblotting in postmortem samples (Deschwanden et al. 2011) . Second, in another postmortem immunoblot study, there was reduced prefrontal NR2A and NR2B expression and the excitatory postsynaptic density protein, PSD-95, relative to well-matched psychiatrically healthy subjects (Feyissa et al. 2009 ). MRS studies, however, have yielded differing results in glutamate and/or glutamine levels in different brain regions, i.e., increased glutamate/glutamine in the occipital cortex (Sanacora et al. 2004a ), but decreased glutamate/glutamine levels in the prefrontal cortex (Hasler et al. 2007; Michael et al. 2003a) , anterior cingulate cortex (Auer et al. 2000; Zhang et al. 2013b ) and left amygdala (Michael et al. 2003b) [decreased frontal and hippocampal glutamate has also been identified at baseline at 9.4-T in a congenital rodent model of depression ]. Several groups that identified decreased prefrontal Glx (a mixture of MRS-detectable glutamine and glutamate at 3T and lower field strengths) in unipolar depression reported subsequent normalization with successful antidepressant treatment, i.e., either ECT (Pfleiderer et al. 2003; Michael et al. 2003a, b; Zhang et al. 2013b) or ECT ? antidepressant medications (Michael et al. 2003b) . Glx levels also normalized after recovery in the occipital cortex of both unipolar and bipolar depressed patients (Bhagwagar et al. 2007 ). Occipital cortical Glx, however, was increased in healthy subjects treated for 7 days with the selective serotonin reuptake inhibitor (SSRI) citalopram, but no change was seen with the selective norepinephrine reuptake inhibitor reboxetine (Taylor et al. 2008 ). This effect of citalopram, however, was not observed in the frontal cortex of another sample of healthy volunteers also treated for 1 week (Taylor et al. 2010) .
MRS-detectable Glx has also been studied with rapidacting antidepressant interventions/medications. Total sleep deprivation, which has rapid but transient antidepressant effects, has also been associated with increased Glx levels in the dlPFC of male depressed patients and melancholic depression (Murck et al. 2009 ). There was no change in occipital cortical amino acid levels at three time points [baseline, 3 h and 48 h post-infusion] in ten unipolar depressed subjects who received the rapidly acting antidepressant ketamine, a non-selective NMDA receptor antagonist (Valentine et al. 2011) . No change was also observed in anterior cingulate cortex (ACC) Glx levels in healthy volunteers receiving a subanesthetic dose of ketamine. However, our group observed a negative correlation between pretreatment Glx/glutamate ratio (a surrogate marker of glutamine levels) and ketamine's antidepressant effects in the dorsomedial-dorsal anterolateral prefrontal cortex (DM/DA-PFC) by 1 H-MRS (Salvadore et al. 2011 None of the aforementioned studies have analyzed acute changes in Glx during ketamine infusion in either healthy volunteers or depressed patients; hence, these studies might have missed a critical window that sets in motion a cascade leading to downstream alterations in second messenger cascades leading to some of the cellular and molecular alterations observed in preclinical models, e.g., long-term potentiation (LTP)-like synaptogenesis Kavalali and Monteggia 2012) . In addition, all studies to date have used 1H-MRS at low-field magnetic strength; high-field strengths facilitate more sensitive and specific detection of brain neurochemicals including glutamate. Finally, all MRS studies to date have detected proton (1H) signals; 13C would permit the detection of glutamine/glutamate cycling in neurons and astrocytes, which may provide novel insights as astrocyte cell loss is present in both preclinical models and MDD (see below for additional details).
Genetics
There has been scant literature support for genetic associations of glutamate-related genes in MDD in smaller candidate gene and larger genome-wide association studies, most likely due to the inherent diagnostic heterogeneity based purely on clinical symptoms. Nonetheless, glutamate transporter downregulation has been observed in postmortem neocortical MDD microarrays, e.g., SLC1A2, SLC1A3, and L-glutamate-ammonia ligase (Choudary et al. 2005) . In the locus coeruleus, glial-expressed high-affinity glutamate transporters SLC1A2, SLC1A3, and GLUL are downregulated; while the neuronal presynaptic vesicular glutamate transporters SLC17A6/VGLUT2 and postsynaptic glutamate receptors GRIA1, GRIK1, GRM1, and GRM5 are upregulated in MDD relative to bipolar disorder (BD) and non-depressed healthy volunteers (Bernard et al. 2011 ), alluding to both regional and diagnostic specificity. In the most recent study of 178 treatment-resistant MDD subjects, 612 non-refractory depressed patients and 779 healthy controls, several single nucleotide polymorphisms (SNPs) in the NR2B NMDA receptor gene, GRIN2B, were sequenced, and a single SNP, rs1805502, conferred susceptibility to TRD relative to non-TRD depressed patients and healthy volunteers (Zhang et al. 2013a ).
Astrocytes and synaptic dysfunction
As discussed above, under physiological conditions, synaptic glutamate is removed from the synaptic cleft by specific astrocyte transporters. The astrocytic excitatory amino acid transporter (EAAT)2 [glial glutamate transporter (GLT-1) in rodents] reuptakes glutamate from the extracellular space where it is intracellularly converted to glutamine for synaptic recycling (Niciu et al. 2012) . Excessive extrasynaptic glutamate receptor stimulation initiates apoptosis, and the physiological activity of EAAT2 theoretically reduces excitotoxicity from synaptic spillover in human brain (Hardingham and Bading 2010) . Activated astrocytes also secrete several neurotrophic factors, e.g., glial-derived neurotrophic factor (GDNF). In addition to its neuroprotective role, serum GDNF levels are reduced in major depression [including adolescent (Pallavi et al. 2013 ) and late-life depression (Diniz et al. 2012) ] and has been improved by antidepressant treatment in both preclinical (Liu et al. 2012a ) and clinical studies (Zhang et al. 2008; Zhang et al. 2009) [although a recent report noted no change in peripheral GDNF levels by ketamine in bipolar depression .
Although initially considered to be merely supportive ''glue'', in the past two decades, astrocyte dysfunction has been implicated in MDD. Postmortem studies reveal decreased astroglial cell density in several brain regions, including orbitofrontal cortex, dorsolateral PFC (dlPFC) (Rajkowska et al. 1999) , ACC (Cotter et al. 2001) , and amygdala (Bowley et al. 2002 ). An age-dependent reduction in GFAP-immunoreactive astrocyte density has also been observed in the PFC of younger individuals with MDD (Miguel-Hidalgo et al. 2000) , but not in the supragenual ACC in later-life depression (Khundakar et al. 2011) . There is also a significant reduction in aquaporinimmunoreactive astrocytic end-feet contacting gray matter vessels in MDD PFC, which also implicates blood-brain barrier abnormalities in MDD (Rajkowska et al. 2013) .
The data are inconsistent on diagnostic specificity, e.g., decreased GFAP expression in the MDD but not BD amygdala (Altshuler et al. 2010) , and in the MDD but not schizophrenic cerebellum (Fatemi et al. 2004) . Adding additional complexity, there is increased GFAP expression in subcortical brain structures in schizophrenia and MDD relative to non-psychiatric controls (Barley et al. 2009 ). Finally, serum levels of glial-derived S100b are increased in MDD, and these levels are not affected by antidepressant treatment (Schroeter et al. 2008 ).
Inflammation and glutamate
There have been recent preclinical advances in our understanding of inflammatory and glutamate cross-talk in depressive disorders (McNally et al. 2008 ). Secreted inflammatory mediators, i.e., cytokines, activate the kynurenine pathway, and the two major end products of this pathway bind to NMDA receptors. Kynurenic acid and quinolinic acid are NMDA receptor antagonist and agonist, respectively (de Carvalho et al. 1996; Stone 1993) . Plasma kynurenic acid levels are increased in MDD patients with a history of suicide attempt relative to MDD patients without a history of suicide and non-psychiatric healthy volunteers (Sublette et al. 2011) . In a study of recently hospitalized medication-free suicide attempters in Sweden, quinolinic acid-to-kynurenic acid and interleukin-6 levels (Lindqvist et al. 2009 ) were increased in cerebrospinal fluid (CSF), and quinolinic acid levels correlated with increased scores on the Suicidal Intent Scale (Erhardt et al. 2013 ). CSF quinolinic acid levels then normalized in a smaller cohort of suicide completers who returned for a 6-month followup lumbar puncture (Erhardt et al. 2013) .
Although the link between inflammation and glutamate appears to be a promising line of research, a central role for inflammation in glutamatergic neurotransmission awaits further translation in humans.
Glutamatergic medications in the treatment of major depressive disorder Berman et al. (2000) made the serendipitous discovery that a single subanesthetic (0.5 mg/kg) dose of ketamine rapidly improved symptoms in major depression (both unipolar and bipolar depression). Although small (n = 7 completers), this initial study also reported a moderate-tolarge effect size. This initial finding was replicated in several larger samples with single (Zarate et al. 2006a; Valentine et al. 2011; Murrough et al. 2013a ) and repeated (aan het Rot et al. 2010; Messer et al. 2010 ) ketamine administration. Ketamine also has rapid antidepressant effects in MDD patients resistant to electroconvulsive therapy (ECT) ) and rapidly resolves suicidal ideation ). This latter finding has also been extended to acutely suicidal patients in the emergency department (Larkin and Beautrais 2011) as well as a reduction in both explicit and implicit measures of suicidal cognition (Price et al. 2009 ). In MDD, ketamine had a moderate-to-large effect size with response rates of *70 % and remission rates of *30 % at 24 h post-infusion and sustained for up to 1 week. Non-intravenous ketamine preparations such as oral (Irwin and Iglewicz 2010; McNulty and Hahn 2012) and intramuscular (Zanicotti et al. 2012; Cusin et al. 2012 ) have also shown antidepressant efficacy. Intranasal ketamine is also of great clinical interest in MDD owing to its high CNS penetrance and ease of administration.
Ketamine
In the randomized, controlled trials cited above, the antidepressant response to a single subanesthetic ketamine infusion lasted, on average, 1 week. In the only randomized, placebo-controlled extension trial after a single subanesthetic infusion, approximately 27 % of ketamine responders maintained efficacy during the 28-day followup period (average time to relapse = 13.2 days; standard error of the mean = 2.2) (Ibrahim et al. 2012b) . Given the growing evidence for ketamine's potent-although transient-antidepressant effects, the interest in sustaining these effects has naturally increased. The most obvious method of maintaining response involves multiple infusions, and this has proven efficacious in several reports (Murrough et al. 2011 (Murrough et al. , 2013b Blier et al. 2012 ). These results have led some groups to propose ketamine maintenance therapy and/or ''boosters'' upon early detection of clinical deterioration similar to ECT.
Several alternative strategies have been investigated to augment and/or extend ketamine's efficacy with unfortunately only modest and/or inconsistent results: the glutamatergic modulator riluzole Ibrahim et al. 2012b ) and ECT (Ostroff et al. 2005; Kranaster et al. 2011; Okamoto et al. 2010; Wang et al. 2012; Krystal et al. 2003a; Abdallah et al. 2012; Jarventausta et al. 2013; Loo et al. 2012) . Future studies must explore novel pharmacological relapse prevention strategies. Indeed, numerous alternative treatment strategies to extend antidepressant efficacy are currently under investigation. These include traditional antidepressants, mood stabilizers [because both ketamine and lithium are glycogen synthase kinase-3 (GSK-3) inhibitors (Liu et al. 2013 Other NMDA receptor antagonists and glutamate-based medications Owing to ketamine's dissociative and other side effects, abuse liability, and potential long-term toxicity, the field has sought more selective NMDA receptor antagonists that replicate ketamine's antidepressant effects with reduced risk of adverse sequelae. Toward this end, the NMDA receptor antagonist memantine, which is approved for the treatment of moderate-to-severe Alzheimer's-type dementia, has been studied in unipolar major depression. The first clinical report in MDD was an 8-week, placebo-controlled trial that demonstrated a lack of efficacy of memantine monotherapy (5-20 mg/day) (Zarate et al. 2006b ). Another small, placebo-controlled, 12-week trial in depressed older patients who had recently suffered a disabling medical event confirmed memantine's lack of efficacy on depressive symptoms and functional outcomes (Lenze et al. 2012 ). Subsequently, a case report explored the antidepressant efficacy of repeat-dose ketamine followed by memantine; although this patient was eventually on many psychotropic medications, she remained in remission for at least approximately 3 months on memantine (Kollmar et al. 2008) . Another randomized, non-placebo-controlled trial of memantine (20 mg/day) versus escitalopram (20 mg/day) in patients with MDD comorbid with alcohol dependence found that memantine had antidepressant and anxiolytic effects, improved psychosocial functioning, and decreased alcohol consumption (Muhonen et al. 2008a, b) .
The antitussive, dextromethorphan, is also an NMDA receptor antagonist, that, like ketamine, has abuse liability and other concerns ) but also theoretical potential as a rapid-acting antidepressant (Lauterbach 2011 (Lauterbach , 2012 : there have been no randomized controlled trials of dextromethorphan as monotherapy for the treatment of depressive disorders [although it has been studied in a randomized, placebo-controlled trial add-on to valproic acid in bipolar disorder (Lee et al. 2012)] . A randomized controlled trial of combination dextromethorphan-quinidine, which, under the trade name Nudexta Ò , has been approved for the treatment of pseudobulbar affect, is currently being investigated in treatment-resistant unipolar depression (ClinicalTrials.gov identifier: NCT01882829). There is also a positive case report of dextromethorphan-quinidine in a single case of a depressed patient with emotional lability (Messias and Everett 2012) .
There have also been studies with several proprietary NMDA receptor antagonists (Table 1) . A single intravenous infusion of the NR2B-selective NMDA receptor antagonist CP-101,606 had rapid antidepressant effects, within several days (Preskorn et al. 2008) . Unfortunately, further development of this compound ceased due to cardiovascular toxicity (QTc prolongation). The oral NR2B-selective antagonist MK-0657, when administered daily to patients with treatment-resistant MDD, had antidepressant effects as assessed by the clinician-administered Hamilton Depression Rating Scale (HDRS) and the self-reported Beck Depression Inventory (BDI) but not the clinicianadministered Montgomery-Å sberg Depression Rating Scale (MADRS), which was used to assess efficacy as the primary outcome; no serious or dissociative adverse effects were noted (Ibrahim et al. 2012a ). Next, a single infusion of the low-trapping, non-selective NMDA receptor ACC anterior cingulate cortex, BDNF brain-derived neurotrophic factor, BPRS Brief Psychiatric Rating Scale, EEG electroencephalography, GABA c-aminobutyric acid, MEG magnetoencephalography, MRS magnetic resonance spectroscopy, mTOR mammalian target of rapamycin, PFC prefrontal cortex, SWA slow-wave activity antagonist AZD6765 had rapid antidepressant effects in treatment-resistant unipolar depression (Zarate et al. 2013a) . Although antidepressant response occurred on a time scale similar to that of ketamine, no psychotomimetic effects were observed with this compound, likely because of AZD6765's rapid association/dissociation at the NMDA receptor (memantine is likewise believed to be devoid of psychotomimetic side effects owing to similar lowtrapping). Finally, other glutamatergic modulators have been investigated in MDD (Table 1) . First, in an open-label 6-week trial of 19 treatment-resistant unipolar depressed patients, depressive symptom improvement was noted in weeks 3-6 with riluzole (Zarate et al. 2004) . After an initial case report of efficacy as an augmentation strategy (Sanacora et al. 2004b ), a 12-week open-label add-on riluzole course had both antidepressant and anxiolytic properties in ten treatment-resistant unipolar depressed subjects (Sanacora et al. 2007) . As a caveat, riluzole efficacy as either monotherapy or adjunctive strategy has yet to be reported in a randomized, double-blind, placebo-controlled trial. This is currently underway in two independent studies across the US (ClinicalTrials.gov Identifiers: NCT01204918 and NCT01703039). D-Cycloserine (DCS), a historical broadspectrum antibiotic primarily used for treatment-resistant tuberculosis, is a partial agonist at the NMDA receptor's glycine site, and, at doses C100 mg/day, acts as a functional NMDA receptor antagonist (Millan 2002) . In an initial 6-week, placebo-controlled, cross-over trial of 250 mg/day as an add-on in treatment-resistant MDD, DCS provided depressive symptom reduction but did not separate from placebo (p = 0.51) due to a burst in improvement in the placebo group in the final week of the study (Heresco-Levy et al. 2006) . A larger trial of 26 treatment-resistant MDD patients (by the same group and with the same design) used escalating doses of adjuvant DCS up to 1,000 mg/day (Heresco-Levy et al. 2013) . In this trial, higher-dose DCS had an improved antidepressant potency as measured by the clinician-administered HDRS (p = 0.005) and self-reported BDI (p = 0.046). Interestingly, 54 % of the patients randomized to high-dose DCS had a C50 % reduction in the HDRS at the end of the 6-week trial. Next, N-acetylcysteine (NAC) is a potent anti-inflammatory/antioxidant via its cysteine moiety, which is the rate-limiting substrate for glutathione production in the mammalian brain (De Rosa et al. 2000; Dringen and Hirrlinger 2003) . It generates cystine, which, via a specific exchanger on the surface of synaptically localized astrocytes, increases glutamate to act presynaptically on metabotropic glutamate receptor II/III suppressing glutamate secretion (Moran et al. 2005) . NAC was an effective MDD augmentation strategy in two MDD patients (Carvalho et al. 2013) . A proprietary partial agonist at the glycine binding site, GLYX-13, has ketamine-like antidepressant effects in several preclinical models of despair and induces similar cellular and molecular mechanisms, e.g., AMPA dependence, increased postsynaptic density protein expression and hippocampal long-term (synaptic) potentiation, without adverse properties, e.g., ketamine-like sedative, rewarding or sensory gating abnormalities. GLYX-13 has been studied in treatment-resistant MDD. A single infusion phase II trial in treatment-resistant unipolar depression has been completed (ClinicalTrials.gov identifier: NCT01234558), but the results yet to be published. Another is underway and actively recruiting (ClinicalTrials.gov identifier: NCT01684163).
In sum, our group and others have identified several medications with antidepressant potential that are believed to be glutamatergic modulators. However, as due to the lack of validated target-engagement biomarkers in major depression, we are presently unclear if these medications actually affect glutamatergic neurotransmission in the mammalian brain. Such biomarkers could be invasive, e.g., a PET ligand with high sensitivity and specificity for an NMDA receptor subunit, or non-invasive, e.g., ketaminesensitive auditory mismatched negativity (MMN), P300 event-related potentials on electroencephalography (EEG) and slow-wave changes on sleep EEG (Oranje et al. 2000; Watson et al. 2009; Umbricht et al. 2000; Knott et al. 2011) . Target-engagement biomarkers are critical for rational drug design and development, and, when such biomarkers are available, are now routinely incorporated into clinical trial design to determine if a drug penetrates the brain parenchyma and has an expected molecular signature.
Cellular and molecular mechanisms of ketamine's rapid antidepressant effects mTOR, p70S6K, 4E-BP1
The numerous clinical studies demonstrating ketamine's rapid antidepressant properties generated preclinical interest in elucidating its mechanism of action in ways presently inaccessible in clinical populations. Ketamine and other NMDA receptor antagonists increase mature synaptic protein expression; promote synaptogenesis; increase the number, morphology, and activity of spine synapses; and reduce depressive-like behaviors in rodent models of depression ( Fig. 2) (Li et al. 2010 . Ketamine increased expression of several postsynaptic density proteins (Arc, PSD-95, GluR1, and synapsin I) in PFC synaptosomal preparations approximately 1 to 2 h postinjection. Protein levels remained elevated for up to 72 h, consistent with the time course for the induction of new spine synapses. Induction of synaptosomal PSD-95, GluR1, and synapsin I was abrogated by pretreatment with rapamycin, which selectively inhibits mammalian target of rapamycin (mTOR). Ketamine also increased mTOR, p70 S6 kinase (p70S6K), and 4E-binding protein 1 (4E-BP1) phosphorylation within 1 h of infusion; interestingly, all these proteins stimulate the transcription of target genes involved in synaptogenesis. At 24 h post-infusion, ketamine increased the number of mature-appearing ''mushroom'' spines and increased the frequency and amplitude of excitatory postsynaptic currents induced by serotonin (from cortico-cortical synapses) and hypocretin (from apical thalamo-cortical synapses) in PFC pyramidal neurons [which is particularly exciting because excitatory synaptic loss was recently identified as a major pathophysiological insult in rodent models of depression (Seese et al. 2013) ]. Again, ketamine's effects were prevented by rapamycin pretreatment. Low-dose (10-20 mg/kg) but not high-dose (80 mg/kg, which is an anesthetic dose) ketamine rapidly reversed despair-like phenotypes, i.e., impairments on the learned helplessness, forced swimming, and Glutamate is then hypothesized to increase AMPA/NMDA receptor flux. AMPA channel opening in the CNS increases sodium and, indirectly, calcium, stimulating the PI3K cascade to phosphorylate mTOR through Akt. Activated mTOR then phosphorylates p70S6K, increasing translation of downstream postsynaptic targets (notably, mTOR activity can be inhibited by rapamycin through the formation of an inhibitory complex with FKBP12). Activated mTOR also inhibits 4E-BP to relieve inhibition upon translation. NMDA receptor activation also inhibits eEF2K, which increases levels of dephosphorylated eEF2. Dephosphorylated eEF2 relieves inhibition upon BDNF translation in dendritic spines and promotes local secretion, which, in turn, binds to cognate TrkB receptors to activate intracellular mTOR and its downstream targets. In sum, the translational activation induced by acute NMDA receptor blockade increases the expression of several neuromodulatory proteins involved in, among other effects, postsynaptic scaffolding, neurotransmitter dynamics, and dendritic spine morphogenesis from immature thin filopodia-to-mature mushroomshaped spines (see inset), which form the morphological substrate for antidepressant-like behavioral effects. Through release of inhibition upon local translation of BDNF, ketamine increases excitatory postsynaptic currents in prefrontal cortical and hippocampal neurons. 4E-BP 4E-binding protein, AMPA a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid, AMPA-R AMPA receptor, BDNF brainderived neurotrophic factor, CNS central nervous system, eEF2 eukaryotic elongation factor 2, eEF2K eEF2 kinase, ERK extracellular signal-regulated kinase, FKBP FK506 binding protein, MAPK mitogen-activated protein kinase, mTOR mammalian target of rapamycin, NMDA N-methyl-D-aspartate, NMDA-R NMDA receptor, p70S6K p70 S6 kinase, PI3K phosphoinositide-3 kinase, TrkB neurotrophic tyrosine kinase, type 2 novelty-suppressed feeding tests, all of which were blocked by rapamycin pretreatment. Intracerebroventricular pretreatment with the mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) inhibitor U0126 and the phosphoinositide-3 kinase (PI3K)/Akt inhibitor LY294002 also negated ketamine's antidepressant effects. These biochemical, electrophysiological, and behavioral antidepressant-like effects were replicated in a rodent model of chronic (21-day) unpredictable stress. Taken together, the results suggest that mTOR activation via known intracellular second messenger/signal transduction mediators, e.g., MAPK/ERK and PI3K, is necessary for ketamine's rapid antidepressant-like effects in rodents (Duman and Voleti 2012) . Although these exciting preclinical results await translation, one case report found that peripheral mTOR phosphorylation correlated with ketamine's antidepressant response in a single patient with treatment-resistant MDD (Denk et al. 2011) .
Several authors have proposed that the antidepressant effects of ketamine may depend on a rapid (within 30 min of administration) presynaptic glutamate ''surge'' and AMPA/NMDA receptor throughput in critical brain circuitry (Maeng et al. 2008) . In 13C-MRS ex vivo studies of rats, subanesthetic (30 mg/kg), but not anesthetic (80 mg/ kg) ketamine significantly increased the percentage of 13 Cdetectable glutamate, glutamine, and GABA in the medial PFC (Chowdhury et al. 2012) . As detected by microdialysis, a medial PFC glutamate surge occurs with infusion of subanesthetic (10-30 mg/kg), but not higher-dose (50 and 200 mg/kg) ketamine on a time course consistent with mTOR activation (peaks within 30-60 min and returns to baseline at approximately 2 h) (Moghaddam et al. 1997 ). As mentioned above, no difference was observed in occipital cortical Glx at three and 24 h after ketamine infusion (Valentine et al. 2011) , which might have missed the window to detect this rapid glutamate surge.
A recent report from indicates that subanesthetic-dose ketamine increases connectivity between the prefrontal cortex and the hippocampus, therefore circuitry-level response to ketamine should continue to be investigated as a potential mediator of ketamine's antidepressant response in clinical studies (Gass et al. 2013 ).
eEF2K/eEF2/BDNF
In a second landmark preclinical mechanistic study, (Autry et al. 2011) reported that ketamine's rapid antidepressant effects depended on desuppression of BDNF translation in the hippocampus. On the forced swim test, an inducible BDNF knockout mouse was minimally responsive to the antidepressant effects of ketamine. These effects were reduced by the translational inhibitor anisomycin, but not by the RNA polymerase/transcriptional inhibitor actinomycin D. Consistent with prior studies (Li et al. 2010 , the antidepressant effects of ketamine could be prevented by pretreatment with NBQX, a 2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl)propanoic acid (AMPA) receptor antagonist. Ketamine decreased the activity of eukaryotic elongation factor 2 kinase (eEF2K) [or calciumcalmodulin dependent protein kinase III (CaMKIII)], thereby reducing eEF2 phosphorylation and desuppressing BDNF translation. These results were replicated using another NMDA receptor antagonist, MK-801, as well as more specific eEF2K inhibitors; interestingly, BDNF conditional knockout mice were insensitive to eEF2K inhibition. In Autry et al. (2011) , ketamine-induced mTOR phosphorylation was not increased, and the antidepressantlike effects were not blocked with rapamycin. [Potential explanations for the differences in these two important mechanistic studies are presented in the excellent review by ].
GSK-3
Like lithium, ketamine inhibits GSK-3 by increasing its phosphorylation. Phospho-GSK-3 interacts with a ''destruction complex'' of other proteins that target it for degradation in lysosomes, thereby allowing the transcription factor b-catenin to translocate from the cytosol to the nucleus and transcribe target genes (Stamos and Weis 2013) . Conversely, a recent rodent study found that intracerebroventricular infusion of GSK-3 attenuated ketamine's psychotomimetic-like effects (Chan et al. 2012 ). The GSK-3 inhibitor lithium, as well as more selective GSK-3b inhibitors, potentiated mTOR signaling, synaptogenesis, and antidepressant-like effects of lower-dose ketamine (\10 mg/kg) (Ghasemi et al. 2010; Liu et al. 2013 ). Because GSK-3 inhibition reduces both depressive and psychotic symptoms, it is possible that small molecule inhibitors may ultimately be effective mood stabilizers in cases of BDep and MDD that include psychotic features. Indeed, psychotically depressed patients have been excluded from all ketamine depression trials to date over concerns of worsening psychosis, which has been observed in healthy volunteers (Krystal et al. 1994 ) and individuals with schizophrenia (Lahti et al. 1995a, b) exposed to subanesthetic doses of ketamine.
Other
In addition to the effects on second messenger/signal transduction proteins, it was recently reported that lowdose ketamine (15 mg/kg) has acute effects on the presynaptic exocytotic proteins in the rat hippocampus (Muller et al. 2013 ). There was an overall reduction in SNARE proteins accumulation in synaptosomal preparations 1, 2 and 4 h after ketamine administration, which was reflected by decreased synaptotagmin I and increased syntaxin I. Additionally, ketamine reduced the phosphorylation of aCAMKII, thereby decreasing its association with syntaxin I (interestingly, in this study, ketamine appeared to have no effect on GSK-3 expression and activity). As mentioned above, Duman and colleagues have demonstrated that synaptogenesis in the prefrontal cortex (as evidenced by biochemical, morphological and electrophysiological correlates) is critical to ketamine's rapid antidepressant effects (Li et al. 2010; Liu et al. 2012b) , and decreased presynaptic machinery in hippocampal synaptosomes suggests that a reduction in neurotransmitter release seems inconsistent. There might be several reasons for this discrepancy including the area of the brain (prefrontal cortex vs. hippocampus) and timing (24 h vs. 1, 2 and 4 h post-ketamine). Nevertheless, there is an evidence that both reduction in neurotransmitter release and postsynaptic strengthening have mechanistic antidepressant implications, which will require further preclinical experimentation and translation into humans.
Biomarkers of ketamine's treatment response
The identification of baseline predictor and treatment response biomarkers has been a major focus of investigation by our group and others. Although all the biomarkers described below require validation and qualification before any firm conclusions are drawn, several promising avenues (Table 2 ) have emerged. Several major positive findings have involved brain-derived neurotrophic factor (BDNF). This is hardly surprising because the discovery that low peripheral BDNF levels respond to effective antidepressant treatment is one of the best-replicated findings in MDD, which is especially impressive considering the clinical heterogeneity of MDD (Shimizu et al. 2003; Kim et al. 2007) . In an admittedly small sample, our group did not observe a correlation between peripheral BDNF levels and ketamine's antidepressant response (Machado-Vieira et al. 2009 ). Subsequent studies found that changes in peripheral BDNF (a major inducer of synaptic plasticity) were directly proportional to change from baseline slow-wave sleep electroencephalography (a surrogate marker of synaptic plasticity) in ketamine responders (Duncan et al. 2012) . Laje et al. (2012) identified the BDNF val66met rs6265 SNP as a predictor of ketamine response; in that study, BDNF val/val homozygotes (n = 41) had a better antidepressant response to ketamine than the met haplotype (n = 21). Smaller hippocampal volumes were observed in BDep patients with the met allele (Chepenik et al. 2009) , and knockin of the BDNF met allele in rodents led to basal prefrontal cortex (PFC) synaptic deficits and decreased synaptic strengthening in response to subanesthetic ketamine (Liu et al. 2012b) . Several studies have shown that a key predictor biomarker of ketamine's antidepressant efficacy is a firstdegree relative with a history of an alcohol use disorder. In both MDD (Phelps et al. 2009 ) and BDep , subjects with a positive family history of alcoholism had a more robust and sustained antidepressant response, which is consistent with the differential effects of ketamine in recently detoxified alcoholics (Krystal et al. 2003b) and in healthy volunteers with a positive family history of alcohol dependence (Petrakis et al. 2004 ). Genetic polymorphisms in glutamate genes may have contributed to this effect. For instance, the BDNF val66met rs6265 A haplotype, which is overrepresented in subjects with comorbid depression and alcoholism, had a better antidepressant response to sertraline (Su et al. 2011) .
Non-invasive neuroimaging and neurophysiological techniques have also been used to probe the neural correlates of ketamine's antidepressant response (Stahl 2010) . For instance, treatment-resistant MDD subjects with increased pretreatment rostral anterior cingulate cortex reactivity to fearful faces had an augmented antidepressant response to ketamine (Salvadore et al. 2009) . A magnetoencephalography study administered a spatial working memory task at baseline, preketamine, and post-ketamine and found that performance on this task predicted antidepressant response (Salvadore et al. 2010) . Increased baseline slow-wave sleep activity-particularly the delta sleep ratio as defined by the delta wave intensity between the first non-rapid eye movement and second non-rapid eye movement periods (decreased in many patients with MDD; improvement correlates with maintenance of remission) (Kupfer et al. 1990 )-positively correlated with ketamine's antidepressant effects (Duncan et al. 2013) . Next, increased tactile stimulus-evoked somatosensory cortical response from baseline to post-ketamine infusion was also correlated with increased antidepressant effects (Cornwell et al. 2012) . Finally, a PET study of 20 patients with treatmentresistant MDD measured regional cerebral glucose metabolism at baseline and following ketamine infusion. Although whole-brain metabolism did not change significantly following ketamine, regional metabolism decreased significantly in the habenula, insula, and ventrolateral and dorsolateral prefrontal cortices of the right hemisphere. Metabolism increased post-ketamine in bilateral occipital, right sensorimotor, left parahippocampal, and left inferior parietal cortices. Improvement in depression ratings correlated directly with change in metabolism in right superior and middle temporal gyri. Conversely, clinical improvement correlated inversely with metabolic changes in the right parahippocampal gyrus and temporoparietal cortex [in contrast with bipolar depression, in the nucleus accumbens/ventral striatum, the metabolism of 18 F-fluorodeoxyglucose ( 18 FDG) correlates with change in MADRS score in the post-infusion period, and greater pregenual ACC levels post-placebo infusion predicted a more robust antidepressant response to ketamine; also, ketamine decreased radiolabel in the left hippocampus ].
Because ketamine increases glutamate in the rodent PFC, acute and/or chronic changes in glutamate have been hypothesized to contribute to ketamine's antidepressant response. One study of MDD patients found that changes in glutamate, its precursor glutamine, and GABA did not correlate with ketamine's antidepressant efficacy in the occipital cortex (Valentine et al. 2011 ). In the MDD PFC, pretreatment glutamate and GABA did not correlate with antidepressant response to ketamine . However, baseline Glx [combination of magnetic resonance imaging (MRS)-detectable glutamine ? glutamate]/glutamate ratio was lower in patients with greater antidepressant response, and pretreatment glutamate levels were increased in patients whose anxiety symptoms improved with ketamine . In a healthy volunteer study, subanesthetic-dose ketamine caused no acute changes in Glx or glutamate (Taylor et al. 2012) ; however, that study used a 3-T magnet, and many authors believe that reliably measuring glutamate at this magnetic strength by 1 H-MRS is not possible (Yuksel and Ongur 2010) . Although this sample was small, several groups are concurrently investigating ketamine's effect on amino acid neurotransmitters in both healthy volunteers and depressed patients, therefore additional data are forthcoming.
We also performed a correlational analysis of ketamine metabolite levels in MDD and BDep with nosology, antidepressant response, and acute adverse effects . Interestingly, higher levels of hydroxynorketamine-4a and hydroxynorketamine-4c were associated with nonresponse to ketamine in patients with BDep within 230 min. Increased levels of several hydroxylated ketamine metabolites were also associated with lower psychotomimetic side effects. No association was found between several cytochrome P450 genes (responsible for ketamine metabolism) and antidepressant efficacy.
Several other clinical and laboratory assessments have predicted ketamine's antidepressant efficacy by our group and others (Table 2) . First, we pooled our subject-level data from our studies of ketamine in both unipolar and bipolar depression and, using both uni-and multivariate linear regression, we correlated ketamine's hyperacute (230 min post-infusion), acute (1 day post-infusion), and sustained (7 days post-infusion) antidepressant effects with numerous clinical and demographic features . Increased body mass index correlated with ketamine's hyperacute and acute antidepressant effects, a family history of an alcohol use disorder predicted ketamine's acute and sustained antidepressant response and no prior history of suicide attempt predicted only the sustained antidepressant response. At day seven, these three features alone predicted more than 1/3 of the variance in ketamine's antidepressant response. We also have preliminary evidence that dissociative side effects but not psychotomimetic or sympathomimetic side effects correlate with ketamine's antidepressant effects .
Taken together, the studies described indicate that ketamine likely increases neural connectivity by enhancing synaptic plasticity in several brain regions implicated in depression, e.g., PFC, anterior cingulate cortex, amygdala, and hippocampus. These neuromodulatory effects may improve our existing descriptive and clinically heterogeneous nosology, allow quantification of pretreatment antidepressant probability of efficacy, and provide more reliable measures than those provided by clinical assessments alone. Nevertheless, these promising biomarkers of treatment response require replication/validation in larger studies to advance to surrogate endpoint status (Zarate et al. 2013b ).
Ketamine and inflammation
Subanesthetic-dose ketamine has anti-inflammatory effects in both preclinical and clinical studies. A single subanesthetic dose of ketamine inhibited carragenenan-sensitized and endotoxin-induced shock-including the suppression of the pro-inflammatory cytokines TNFa and IL-6-as well as mild-to-moderate hypothermia in rats (Koga et al. 1994; Taniguchi et al. 2001 Taniguchi et al. , 2003 Taniguchi et al. , 2004 . Ketamine also suppressed hepatotoxicity in endoxin-administered rats with concomitant decreases in the pro-inflammatory mediators cyclooxygenase-2 (COX2) and inducible nitric oxide synthase (iNOS) with purported effects via the transcription factor nuclear factor kappa B (NF-jB) (Suliburk et al. 2005) . In conjunction with the last cited study, also using electrophoretic mobility shift assays, ketamine inhibited NFkB and another pro-inflammatory transcription factor, activator protein 1 (AP-1) in human neutrophils and a leukocyte-like transformed cell line, which was not dependent on activation of NMDA or opioid receptors (Welters et al. 2010) . These transcription factors and selected cytokines play pivotal roles not only in inflammation but also in neurogenesis, neuronal cytoskeletal reorganization, and synaptic plasticity (Albensi and Mattson 2000; Gutierrez and Davies 2011) . In the clinical cardiosurgical literature, ketamine also has anti-inflammatory effects at subanesthetic doses. First, in a randomized, double-blind trial of low-dose ketamine vs. inert placebo added onto perioperative fentanyl anesthesia on the day of cardiopulmonary bypass and for 6 days post-operatively, serum IL-6 were suppressed by low-dose (0.25 mg/kg) ketamine during and after coronary artery bypass graft (CABG) (Roytblat et al. 1998) . In another randomized, placebo-controlled trial with two doses of ketamine (0.25 or 0.5 mg/kg) vs. placebo in on-pump CABG patients during general anesthesia cardiac induction, both ketamine doses suppressed the elaboration of several pro-inflammatory markers/cytokines-C-reactive protein (CRP), IL-6, and IL-10 (but not IL-8)-with concomitant sympathomimetic effects (Bartoc et al. 2006) . Yes, in off-pump CABG, ketamine did not decrease serum levels of pro-inflammatory cytokines-CRP, IL-6, tumor necrosis factor-alpha (TNFa), and cardiac enzymes-in the perioperative period (Cho et al. 2009 ). To date, there have not been any studies examining levels of pro-inflammatory mediators in response to subanesthetic-dose ketamine for major depression, but this is an area of active investigation by many groups studying ketamine as a rapidly acting antidepressant in both the preclinical and clinical realms.
Conclusions
We have provided a basic introduction to glutamate and its receptors, then reviewed the clinical literature in the pathophysiology and treatment of MDD. Although initially overshadowed by monoamines, the identification of glutamate-based mechanisms of disease and treatment options, particularly with the rapid-acting antidepressant ketamine, has kindled both academic and public fervor in alternative strategies for treatment-resistant MDD. Although promising, ketamine and related glutamatergic compounds cannot be recommended at this time for routine clinical practice outside of a research milieu due to the lack of multisite, randomized, placebo (and active placebo)-controlled trials with much larger samples (n [ 100) to better assess efficacy, safety and tolerability. However, ketamine may be useful late in a treatment algorithm on a case-bycase basis for (temporary) symptom relief and/or a bridge to alternative therapies particularly in specialized treatment-resistant depression centers.
Future research should focus on the modulation of specific glutamatergic circuitry, e.g., GABAergic cortical interneurons-to-glutamatergic cortical outflow (pyramidal) neurons. The manipulation of critical glutamatergic circuitry may occur either pharmacologically, i.e., more selective glutamatergic medications, or technologically, i.e., transcranial magnetic or deep brain stimulation.
